The physical and chemical characteristics of the Oku-aizu geothermal system, northeast Japan, are reviewed, with these data used to construct a geochemical model of the system. The exploration of this area started in 1974, with a total of 39 wells being drilled through fiscal year 1990. A total of 509 t/h of dry steam (165°C) was confirmed during the simultaneous production test, equivalent to about 55 MW of electric power.
The physical and chemical characteristics of the Oku-aizu geothermal system, northeast Japan, are reviewed, with these data used to construct a geochemical model of the system. The exploration of this area started in 1974, with a total of 39 wells being drilled through fiscal year 1990. A total of 509 t/h of dry steam (165°C) was confirmed during the simultaneous production test, equivalent to about 55 MW of electric power.
The bedrock of the production zones are Miocene formations composed mainly of rhyolitic lavas and pyroclastics. Pre-Tertiary basement unconformably underlie these formations. The uppermost por tion of the system is comprised of a Quaternary lacustrine deposit which was penetrated by shallow rhyolite intrusions at 0.2 to 0.5 Ma. This lacustrine deposit is thought to be related to a subsidence struc ture. The system is considered to have had little boiling in its natural state before exploration. However, it is presently boiling around geothermal wells due to the pressure drop caused by reservoir fluid discharge.
INTRODUCTION
Thirty nine wells have been drilled up to early 1991 in and adjacent to the Oku-aizu geothermal system, located in Yanaizu town, Fukushima prefecture, northeast Japan ( Fig. 1 and Table 1 ).
The system is now in the final stage of assess ment prior to development by the Oku-aizu Geothermal Co., Ltd. (OAG) as an energy source.
The system is known for its highly productive geothermal wells, and also for base metal of the Oku-aizu geothermal mineralization and precious metal-rich sulfide scaling. The salinity (NaCI equiv. up to about 2 wt%) and reservoir temperature (often > 300°C, maximum 341'C measured) are the second highest in Japan (after Fushime, a sea-water dominated system). The extensive drilling and discharge testing of wells by OAG to date has provided sufficient detail to make a basic inter pretation of the physical and chemical structure of the system prior to exploitation. However, fur ther study is necessary to establish the evolution of the geothermal system. The purpose of this paper is to provide an update on earlier publish ed reports, largely by OAG, and to integrate the 84N-2t  84N-3t  84N-4r  84N-5t  85N-6T  85N-7T  85N-8T  85N-9T  86N-10T  86N-11T  86N-12t   86N-13t  87N-14T  87N-15T  87N-16T  87N-17T  87N-18t  88N-19R  88N-20R  89N-21T  89N-22T  90N-23P  90N-24P  90N-25P core holes (290 to 1500 m depth) were drilled to determine the geological structure and heat flow. Some of these holes were the first to encounter a productive reservoir. In 1983, the Okuaizu Geothermal Co., Ltd (OAG) was established to carry out further exploration and assessment, and to undertake development. From 1984 to 1985, OAG carried out geological, geophysical and geochemical surveys, and drilled five cored wells and four other wells (cuttings only). Pro duction tests of 18 to 119 days for each produc tive well were also conducted. From 1986 to 1989, 13 more wells (all with cuttings) were drill ed, with 30 to 109 day production tests con ducted for each production well (Nitta et al., 1987; Ishihara, 1988 and recent company pam phlet). Table 1 lists targets and characteristics of  33 wells. A total of 509 t/h of -dry steam at about 165'C from nine wells was confirmed during a three month simultaneous production test, from December, 1989 , to February, 1990 . Three additional production wells were drilled during fiscal year 1990.
The Okuaizu Geothermal Co., Ltd. original ly planned to develop 55 MW from the system (OAG, explanation pamphlet). As a result of an independent feasibility study from 1986 to 1988, 55 MW of power production for 30 years was predicted, without reservoir pressure support by of power capacity has now been increased to 65 MW based on the results of steam discharge from new production wells, confirmed by the latest production tests held in 1990 .
GEOLOGICAL SETTING AND SURFICIAL FEATURES
Geology, stratigraphy and structure
The Oku-aizu area is located in the "Green
Tuff region", characterized by Neogene sub marine volcanic activity, and is about 50 km west of the present volcanic front. Numazawa kazan is the nearest Quaternary volcano (10 km west), and was active about 5000 years ago (Kato et al., 1984) . The basement is thought to be pre-Tertiary granodiorite and/or sedimentary rocks, although it has not been reached by drilling in this area (Nitta et al., 1987) . Miocene formations (Oh-hizawa, Takizawagawa, Ogino and Urushikubo Formation) consist of rhyolitic lavas and pyroclastic rocks intercalated with clastic rocks, plus minor basaltic rocks, and probably unconformably overlie the basement. Pliocene dacitic pumice tuff intercalated with clastic rocks (Fujitoge Formation) rest unconfor mably on the Miocene formations. Pleistocene lacustrine sediments (Sunagohara Formation) un conformably covers the Pliocene formation in a limited ring-shaped area about 3 km in diameter surrounding rhyolite lava domes (Yunotake rhyolite; Fig. 2 ). These rhyolite lava domes are shallow level intrusives into the lacustrine sediments (NEDO, 1985; Nitta et al., 1987) . The unconformity between the Quaternary and underlying formations is generally steep and in some places has an associated poorly-sorted basal breccia from the adjacent underlying strata (Komuro, 1978) . The distribution of the lacustrine sediments is concordant with the large depth to basement (below -2500 m ASL) infer red from gravity survey ( Fig. 3 ; Nitta et al., 1987) . The surficial distribution of these forma Regional geology of the Oku-aizu geothermal system (Nitta et al., 1987) . Area in the box is shown in Table 2 .
A regional stratigraphic column of the Oku-aizu district (Nitta et al., 1987) tions is shown in Fig.  2 and the detailed stratigraphy is described in Table 2 .
The area of the lacustrine sediments is con sidered to coincide with a collapse basin (Hayakawa et al., 1977 , Komuro, 1978 and Suzuki et al., 1986 . Competing ideas have been presented as to the cause of the collapse. The first is a local tectonic subsidence (Hayakawa et al., 1977; Suzuki, 1986) . The second is a magmatic intrusion-related collapse (not a caldera collapse but rather a keystone graben structure; Komuro, 1978; MITI, GSJ, 1978) . The third is a caldera collapse (Yamamoto, in press) .
Further detailed lithologic and volcanologic study is necessary to resolve this question. (Nitta et al., 1987) .
The hydrological system is strongly controll ed by a tectonic fracture system (Fig. 4) Analytical results of hot spring waters in the Nishiyama spa (Hirukawa et al., 1981) No parallel to the productive fault zones and dips 87° NE. The temperature in the deeper part of this zone is much lower (about 100°C) than that of the productive zones, leading to the decision to use this fault zone for reinjection.
Thermal manifestations Several hot springs are located within the area (Fig. 4) , some of which have temperatures close to boiling. Some weak gas discharges com posed of CO2 and / or 142S are also present.
Of the 15 total hot springs, three have temper atures above 90°C; they constitute the Nishiyama spa. Although the confirmed flow is 2671 /min., the total flow is thought to be much more, as considerable leakage into the local river occurs (Nitta et al., 1987) . The hot springs discharge dilute NaCl-type waters (Na+: 966 to 1679 mg/kg, Cl-: 1492 to 2438 mg/kg) with low CO2 (total CO2: several 100 mg / kg) and H2 S (several mg/kg) (Hirukawa etal., 1981, Table 3 ). Most hot springs are located where the Oizawa fault zone intersects the Takiyagawa fault zone, about 1 km north of the productive zone.
Several discharges of CO2 with H2S occur mainly along the Chinoikezawa fault zone where the highest subsurface temperatures are record ed. There are also a few gas discharges along the Takiyagawa fault and the Sarukurazawa fault zone (Nitta et al., 1987) .
The Oku-aizu geothermal system is largely hosted by rocks affected by regional alteration during the Miocene (the "Green-Tuff"). In the Aizu district, which surrounds the Oku-aizu geothermal system, the following succession of regional alteration has been recognized from sur face downwards; fresh glass, clinoptilolite mordenite, analcime, laumontite, and albite chlorite-sericite zones (Hayakawa et al., 1977) . In the Oku-aizu system itself, chlorite-sericite alteration has affected the greater part of the Miocene formations, mostly composed of rhyolitic lava, tuff and tuff breccia (for example , OA-2 (Fig. 5a ), OA-5 ( Fig. 5b ) and OA-6, com piled from NEDO, 1985) . A significant portion of this chlorite-sericite zone is considered to be a product of the early regional alteration, though distinguishing this from similar alteration related to the present system is quite difficult (Nit ta et al., 1987) .
Present system-related alteration
Argillic to advanced argillic alteration occurs at shallow levels and anhydrite at deeper, higher temperature levels, and are considered to be related to the present geothermal system. In addi tion, carbonate minerals are commonly observed in most wells in the system, also related to pre sent hydrothermal activity.
Argillic alteration occurs mainly in the Sunagohara Formation, a Quaternary lacustrine deposit. composed of tuffaceous sandstone and siltstone, and in the Urushikubo Formation, composed of tuffaceous sandstone, siltstone, mudstone, rhyolitic glassy tuff, pumiceous tuff, and lava. In some wells (86N-12t, 87N-17T ( Fig.  5d ), 89N-22T ( Fig. 5e ) and 90N-24P), this altera tion is also seen in the Ogino and Takizawagawa Formations, composed mainly of rhyolitic lava, tuff and tuff breccia, with some Miocene mudstone.
The alteration minerals of the argillic zone comprise smectite, interlayered illite-smectite, kaolinite, zeolite and K-feldspar. Smectite zeolite + / interlayered illite-smectite + / K-feldspar form a sub-zone in the relatively shallow part (typically observed in wells 87N 17T (Fig. 5d ), 89N-22T ( Fig. 5e ) and 90N-23P), while kaolinite + / K-feldspar occurs at deeper levels (OAG, unpublished data). Advanc ed argillic alteration, composed mainly of smec tite and mordenite, with minor sericite, kaolinite and alunite (Nitta et al., 1987 and Imai et al., 1988) is found locally near the Sarukurazawa fault zone. The surface extent of this argillic to advanced argillic alteration is about 4.4 km2 ( Fig. 4 ; Nitta et al., 1987) . . Lithology and alteration mineralogy including major circulation-loss points of well OA-2 (compiled from NEDO, 1985) . Abbreviations: Sg, Sunagohara formation; Us, Urushikubo formation; Og, Ogino forma tion; My, Miyashita mudstone member; Tk, Takizawagawa formation; Oh, Oh-hizawa formation; smec, smec tite; it/sm, interlayered illite-smectite; mord, mordenite; kaol, kaolinite; crist, cristobalite; ser, sericite; chl, chlorite; anh, anhydrite; cc, calcite and ksp, K feldspar. These abbreviations are the same for the rest of Carbonate minerals observed in the geother mal system include calcite, dolomite, siderite, rhodochrosite, kutnahorite, ankerite and magnesite. The calcite distribution is discon tinuous in most wells or even absent (84N-It, 86N-13t and 87N-16T (Fig. 5c) ). Rhodochrosite appears over a wide range of depth in some wells (85N-9T, 87N-14T, 87N-15T, 89N-21T and 89N 22T (Fig. 5e) ; OAG, unpublished data).
THERMAL STRUCTURE Direct measurement
The thermal structure of the geothermal system may be constructed from thermal profiles based on temperatures measured 120 hours after drilling, the time allowed for thermal conditions to stabilize (Fig. 6) . The thermal structure is primarily controlled by the fracture system. A zone of argillic alteration at shallow levels ap pears to act as a barrier to upflow (at depth of In the deeper part of the system (deeper than 1000 m ASL), the zone of thermal updoming is located along the Chinoikezawa fault zone, and isotherms open towards the SE. At shallower levels (about -300m to -1000m. ASL), the highest temperature isotherms are located between the Chinoikezawa and the Sarukurazawa fault zone. Still closer to the sur face (shallower than 300 m ASL), an axis of thermal maxima changes direction to parallel the Takiyagawa fault zone, trending NE-SW. At a level of +200 m ASL, the highest temperature isotherm closes towards the NE, about 2.5 km from the Chinoikezawa fault zone ( Fig. 7; Some wells have thermal inversions at depth (N57-OA-3 and 87N-18t (Fig. 6H) ), which prob ably indicate cool inflows, as in N57-OA-3, where the isotherms pinch with an axis concor dant to the Oizawa fault zone ( Fig. 7 ; OAG, un published data).
Fluid inclusion thermometry
Homogenization temperatures of fluid inclu sions hosted mainly by anhydrite and calcite have been measured for several wells. All fluid in clusions are two-phase gas and liquid inclusions. No liquid CO2 or halite have been observed. Both primary and secondary inclusions are recognized. The former possess regular shapes and often form clusters (Takenouchi, 1988a) .
The degree of filling of the inclusions in the same cluster commonly varies which may in dicate boiling during the formation of the mineral (Takenouchi, 1988a) .
Homogenization temperatures of most inclu sions in anhydrite in OA-7, located between the Sarukurazawa and Oizawa fault zones, appear to agree with the measured down hole tempera tures, though some are several tens of degree (°C) higher. Concordance of homogenization -t .01 7 anh temperature with the measured down hole tem perature can be observed at levels shallower than 1000 m depth in OA-6, penetrating the Sarukurazawa fault zone ( Fig. 9 ; Takenouchi, 1985) .
Fluid inclusions in sphalerite at GL-1329.5 m of 84N-2t have homogenization temperature ranging from 196 to 222°C (Imai et al., 1988) , which is about 50°C lower than the present tem perature. Some wells drilled in the beginning stage of the exploration (e.g. OA-4, 84N-2t and 85N-6T)
Original data from Nitta et al. (1987) and NEDO (1985) . Ab breviations: W.H.P., well head pressure; T.dh, maximum measured down hole temperature; H. td, total discharge en thalpy; H.l, enthalpy of steam saturated water at T.dh; H.ex, excess enthalpy (H.td-H.1).
had normal enthalpy, while only one (OA-6) showed an excess enthalpy of discharge (Table 4) . Most down hole temperature profiles do not reach boiling point for depth temperatures, calculated on the basis of estimated dissolved gas concentrations (Fig. 6) . The total discharge enthalpy versus well head pressure for 85N-6T (Nitta et al., 1987; Fig. 10) indicates that aquifer boiling takes place around the well due to the pressure drop induced by discharge of the well. The same situation is recognized in other wells. tests for several wells (OAG, un reported (based on drilling records, e.g., -831 m in 84N-1t; Nitta et al., 1987) , these phenomena are considered to be rather excep tional.
Reservoir condition after discharge
After wells OA-4 and OA-6 discharged geothermal fluid during the first stage of explora tion in 1982 and 1983, nine more production wells were drilled up to 1989 and several produc tion tests were carried out. As a result of these discharge tests, the reservoir pressure decreased slightly and discharge-induced reservoir boiling around the geothermal wells subsequently occur red. Most wells showed an excess enthalpy of discharge (Table 4) during their individual pro duction tests.
During the first simultaneous production test of five production wells (84N-2t, 85N-6T, 86N 10T, 87N-14T and 87N-15T, from December, 1987 , to March, 1988 , all five wells showed a significant amount of excess enthalpy, up to 600 kJ/kg. The only exception was well 87N-14T, which showed normal enthalpy to slight excess enthalpy conditions in the beginning stage of the test. This development of excess enthalpy is con sidered to be derived from excess steam inflow produced from reservoir boiling caused by the discharge-induced pressure drop. The total discharge enthalpy of each well gradually increas ed with time during the test (Fig. 11) , which in dicates extention of boiling around the wells into the reservoir.
Due to the steam generated in an aquifer sub jected to extensive amounts of discharge-in duced boiling, the composition of the total discharge is seldom representative of the com position of reservoir liquid in the formation, prior to boiling (Seki, 1990b) .
FLUID CHEMISTRY Chemical characteristics of well discharges
One characteristic phenomenon of this system is the high gas content in well discharges. The concentrations of non-condensible gases (NCG) in steam separated at about 6.5 kg/cm' range from 2 to 10 vol%. Most of the NCG is CO2 (95 to 99%) with the balance being H2S (0.1 to 4%) and residual gases. Among the residual gases, N2 dominates (78 to 98%) (Table 5 ; NEDO, 1985; Nitta et al., 1987; OAG, un published data).
The separated liquid has the highest salinity of geothermal systems in Japan (except for Fushime, which is sea water dominant; Akaku and Yagi, 1988; Akaku, 1990) . The dominant anion is Cl (5300 to 22000 mg/kg) and major cations are Na+ (2700 to 10600 mg / kg) with lesser amounts of K+ (180 to 2550 mg/kg) and Ca" (26 to 1750 mg/ kg). The silica concentra tion is also high (440 to 1010 mg / kg), reflecting the relatively high reservoir temperature. Remarkably high concentrations of Mn21 (up to 420 mg/kg) is another peculiar characteristic of this system (Table 5 ; NEDO, 1985; Nitta et al., 1987; OAG, unpublished data) .
Estimated reservoir fluid composition prior to boiling
The composition of the reservoir fluid is necessary in order to calculate mineral-fluid equilibria and to estimate such development related factors as the potential for scaling. However, as previously mentioned, the reservoir fluid composition cannot be directly determined from total discharge composition for wells with excess enthalpy. This is because the excess steam will have a higher and probably variable gas con centration compared with the original aquifer fluid prior to boiling, due to fractionation under different conditions of boiling (Henley, 1984) . Therefore, to estimate the reservoir fluid com position prior to boiling, the steam fraction and concentration of each component in steam at the feed point(s) has to be estimated.
Based on this concept and integrated with an aquifer boiling model, the reservoir fluid com position prior to boiling for wells 85N-6T, 87N 14T and 87N-15T was estimated (Seki, 1990b) . The calculated concentrations of non-volatile components for the three wells producing from the same fracture zone (Chinoikezawa fault zone), agreed well with each other. The esti mated ranges of gas concentrations in the reser voir liquid prior to boiling are 0.3 to 1.0 wt% for CO2 and 150 to 250 mg/kg for H2S, with the upper values most likely (Seki, 1990b) .
The estimated concentrations of non-volatile components in the reservoir liquid prior to boil ing, based on the analytical results listed in Table   5 and corrected for steam loss, are listed in Table   6 .
The fluid pH at reservoir temperature is calculated from the estimated reservoir fluid com position using the chemical speciation code "PECS" (Takeno , 1988) , and ranges from 4.1 to 5.5 (Seki, unpublished) .
These values are somewhat higher than the pH of 3.79 calculated assuming no excess steam and consequently no excess C02 in the total discharge (Ichikuni and Tsurumi, 1988) .
Probable fluid types and mixing trends
A chloride-enthalpy plot of initial discharge compositions of each production well, corrected to reservoir values, is shown in Fig. 12 . Well 87N-15T appears to be closest in composition to a "parent fluid", given its high chloride concen tration and the highest temperature indicated by the silica geothermometer (Fournier and Potter, 1982) .
It is difficult to confidently determine the degree of boiling, and dilution trends, because of the large excess enthalpies, though some possibilities may be considered. The first is a recognition of a mixing trend between the deep fluid (of high salinity and higher enthalpy, represented by 87N-15T) and a shallower, possibly conductively (or steam) heated ground water of zero salinity and a temperature less than 200°C. This cannot be proven because down hole samples of marginal monitor and explora tion wells are not available. The second probable trend is that of mixing of deeper fluid or mixed fluid of the first trend with cold ground water at relatively shallow dep ths. This mixing is responsible for the waters discharging from hot springs along the Takiyagawa fault zone, which have approximate ly 1500 to 2500 mg / kg chloride and tempera tures of 61 to 93'C (Table 3) .
Isotopic characteristics and component ratios
An oxygen and hydrogen isotopic study of geothermal waters was conducted Dr. O. Mat subaya and presented in Nitta et al. (1987) (Fig.  13) . Isotopic values of meteoric waters collected in this area lie on the local meteoric water line (6'$O: -10 to -12 per mil, 6D: -66 to -72 per mil), described by Sakai and Matsubaya (1974) . Geothermal fluids discharging from wells have Nitta et al., 1987) . (b) 8180-8D diagram for geothermal well discharges, hot spring waters and local meteoric waters. The compositional range of Japanese high temperature volcanic gas (J-HTVG) is also shown (modified from Nitta et al., 1987) . Symbols: • , geothermal well discharge; • , hot spring water; A, local meteoric water. Line (1) (8D=88180+26) and (2) (8D=88'80+ 10) are local meteoric water lines according to Sakai and Matsubaya (1974) . (Seki, unpublished data) . Original data pro vided by OAG. Estimation based on gas results of Seki (1990b) , with saturation calculations carried out by PECS (Takeno, 1988) . Reservoir temperatures were determined by Fournier and Potter (1982) . Gas concentrations were assumed to be 1 wt% for CO2 and 250 mg/kg for H2S for all wells. Symbols: • , muscovite; •, K -feldspar; A, anhydrite; O, calcite.
much heavier values of oxygen 8180: + 2 to + 3 per mil) and hydrogen (8D: 32 to 35 per mil).
The isotopic values of hot spring waters lie on a line connecting these two endmembers, in dicating that the hot springs are produced by mix ing of deep geothermal fluid and local ground water, as suggested from chloride-enthalpy rela tions (Fig. 12 ). This mixing trend is also clear on the chloride-8180 diagram. According to Nitta et al. (1987) , Matsubaya believes that the geother mal fluids are formation waters related to Miocene sea water trapped in formations, since the geothermal fluids lie on a line connecting local ground waters and sea water on the chloride-x180 diagram (Fig. 13) .
However, the isotopic composition of geothermal fluids are consistent with local meteoric water dilution of a fluid with composi tion similar to typical Japanese high temperature volcanic gases, the latter having values of + 6 to -+ 10 per mil for 8180 and of -15 to 35 per mil for 8D (Matsuo et al., 1974; Mizutani et al., 1986) . This correlation suggests a significant con tribution of magmatic fluids to this geothermal system, with acidity neutralized at depth. The same relationship for chloride-8D and 8180-8D is noted for the Nigorikawa geothermal system (Yoshida, 1991) , who argues for a sea water com ponent.
The uncertainty of the fossil sea water hypothesis is indicated by the B/Cl and Br/C1 ratios. The B/Cl weight ratio of separated water from geothermal wells ranges from 0.006 to 0.021 (Nitta et al., 1987; OAG, unpublished data, Table 5 ), much higher than that of sea water (0.00024). Also, the Br/C1 weight ratio is 0.0014 to 0.0020, versus 0.0034 of sea water.
Mineral fluid saturation conditions
Saturation conditions of several minerals for the estimated reservoir fluid have been calculated. The estimated reservoir fluids (cor rected for excess enthalpy sampling) of both 87N-14T and 87N-15T are undersaturated with respect to calcite (log Q / K : -1.55 and 0.80), are saturated to oversaturated with anhydrite (+0.03 and +0.58), and are oversaturated with pyrite (+1.98 and +2.92) (Seki, 1990a) , based on calculation using the chemical speciation code "PECS" (Takeno, 1988) . Similar results were also obtained for other wells in the system (Fig. 14) . Undersaturation of calcite is also in dicated by the fact that all wells except 86N-10T are free of calcite scaling (Nitta et al., 1987) .
The saturation index for K-feldspar varies from 1.7 to + 1.6, and that for K-mica ranges widely from -2.8 to + 5.4 (Fig. 14) .
Fluid inclusion chemistry
The gas composition of fluid inclusions in anhydrite from 84N-2t, 86N-13t and 87N-18t were determined by crushing and chromatographic analysis (Takenouchi, 1988a and 1988b) . The ranges of mole fractions of gases analyzed were C02: 0.87-0.95, N2: 0.01 0.11 and CH4: 0.01-0.04 (mole fraction), which basically agrees with the composition of the pre sent fluids. The net CO2 concentration in the in clusion liquid varies from 5.2 to 6.8 wt%, some what higher than that estimated here (about 1.0 wt%).
BASE METAL MINERALIZATION
Sulfide mineralization occurs as mainly veinlets in drill core, and consists of pyrite + / sphalerite + / galena + / chalcopyrite from wells such as OA-4, OA-6, 84N-2t and 87N-15T (Table 7 ; NEDO, 1985; Nitta et al., 1987; OAG, unpublished data) . From drill cuttings of produc Table 7 . Distribution of base metal sulfides in drilling cores and cuttings of geothermal wells (compiled from NEDO, 1985 and OAG, unpublished data (Nitta et al., 1987) . In addition, the base metals in solution were found to be relatively high in separated waters from well discharges (e.g., 89N-21T and 89N-22T; Table 5 ). Therefore, this sulfide mineralization is considered to be the product of the current geothermal system (Imai et al., 1988) . Minerals found in scale taken from the cas ing wall, from the 980 m depth to the well head of 84N-2t, are pyrrhotite, pyrite, alabandite, wurtzite (Mn-bearing), sphalerite (Mn-bearing), galena, cubanite, chalcopyrite, tetrahedrite, pyrargyrite, stibarsen, calcite and rhodochrosite (Imai et al., 1987 and . This well cuts the Chinoikezawa fault zone below about 1000 m depth. Measured temperature and pressure ranges for this section of well were 165 to 305'C and 7 to 117 kg/cm2, respectively (Imai et al., 1987 and .
Sulfide scales precipitated in the two-phase line down stream of the well head pressure con trol valve of 87N-15T during a 141 day discharge test from November, 1987 , to March, 1988 . Total weight of the sulfide scales precipitated in the section was about 433 kg (Nitta et al., 1991) . Sulfide minerals of Au, Ag, Cu, Pb and Zn are concentrated just after the well head control valve, where a large pressure and temperature drop rapidly occurs (about 100°C and 50 kg/cm2 decrease). The major mineral is tetrahedrite with fine grained galena. Sphalerite is also present, with a vesicular to compact tex ture (Abe et al., 1990) . The gold and silver con centration ranges from 1.2 to 116 mg/kg and 0.04 to 3.49 wt%, respectively (Nitta et al., 1991) . The scales also have Cu, Pb and Zn maxima of 16.0 wt%, 15.0 wt% and 15.4 wt%, respectively (Nitta et al., 1991; Aoki, 1989) .
FLOW MODEL OF THE SYSTEM
By integrating the geological, thermal, struc tural, hydrological and geochemical information described above, the following model has been deduced for the overall structure of the pre-ex ploited geothermal system at Oku-aizu (Fig. 15) .
The heat source probably exists under the SE extension of the Chinoikezawa fault zone, judg ing from the isotherm distribution at deeper levels (for example, 1200 m ASL; Fig. 7 ). This heat source is most likely a cooling silicic igneous body, perhaps related to the Yunotake rhyolites (0.2 to 0.5 Ma; Table 2) or the Numazawa volcano which is located about 10 km west of the system and was active about 5000 years ago.
Underground fluid flow in the Oku-aizu system is strongly controlled by the fracture system accompanying the fault zones. The permeability of the bedrock (Takizawagawa For mation) in the production zone is generally quite low. Geothermal fluid rises along the deeper por tion of the Chinoikezawa and probably Sarukurazawa fault zones, both of which are steeply dipping NE and striking NW. The zone of argillic alteration and the Miyashita mudstone member from about 800 m to + 200 m ASL act as aquitards where open-space fractures are not connected. Consequently, the high tempera ture geothermal fluid which is ascending below the sealed zone does not easily discharge to shallow levels.
A portion of the convecting geothermal fluid discharges along the Takiyagawa fault, which strikes NE and dips steeply SE. This fault in tersects the Chinoikezawa and Sarukurazawa fault zones at their NW ends. The outflow rises to the NE along the Takiyagawa fault, and is finally mixed with cold ground water near the sur face. Some of the flow encounters a cold influx along the Oizawa fault zone near the intersection of the two fault systems. The Nishiyama hot spr ings (elevation: 290 m ASL) are discharges of these mixed fluids.
Underground fluid generally flows from south to north. Therefore, the expected recharge of the system may be to the south, an area of topographic high extending from Mt. Sarukuragatake (peak elevation: 907 m ASL; Fig. 2 ).
The reservoir was not boiling in its natural state, except for local upflow in some fractures.
However, the fluid is presently boiling around the geothermal wells due to the discharge-in duced pressure decrease.
The most conspicuous chemical characteris tics of the geothermal system is the high salinity and large concentration of gases (dominantly C02). These characteristics, in conjunction with the trends in isotopic composition, suggest a significant contribution of magmatic fluid to the system. This may also acount for the very high imately at the same elevation as the argillic altera tion, also acts as an aquitard.
The system had little boiling in its natural state, judging from well discharges and measured temperature profiles during the initial stage of exploration. However, the reservoir is now boiling around geothermal wells due to the pressure drop caused by discharging of geother mal fluid. Consequently, all producing geother mal wells presently have excess enthalpy.
The deeper reservoir fluid has a high tempera ture (greater than 300°C), and is estimated to have a salinity of about 2 wt% and a large gas component (about 1 wt% CO2 and 250 mg/kg H2S).
The chemical characteristics of high salinity and gas contents are considered to be related to a magmatic component in the discharge. Isotopic characteristics and very high measured tempera ture (341'C), much higher than most geothermal systems in Japan, also support this idea. 
